Attenuation relationships are presented for peak acceleration and response spectral accelerations from shallow crustal earthquakes. The relationships are based on strong motion data primarily from California earthquakes. Relationships are presented for strike-slip and reverse-faulting earthquakes, rock and deep firm soil deposits, earthquakes of moment magnitude M4 to 8+, and distances up to 100 km.
INTRODUCTION
In this paper we summarize attenuation relationships we have developed from the analysis of strong motion data recorded primarily in California. These relationships have evolved through several iterations as new data have been gathered. The starting point is the set of attenuation relationships for peak acceleration and 5 percent damped spectral accelerations for rock and soil sites presented by Sadigh etal. (1986) . Subsequently, Sadigh etal. (1989 Sadigh etal. ( , 1993 developed an updated version of the rock site attenuation relationships that included analyses of strong motion data from the 1989 M7 Loma Prieta, 1992 M7.3 Landers, and M6.4 Big Bear earthquakes. In this paper we present an updated version of the soil site attenuation relationships that also includes analysis of strong motion data from the 1994 M6.7 Northridge earthquake, together with rock site attenuation models.
STRONG MOTION DATA
The ground motion data on which the attenuation relationships are based consist primarily ofaccelerograms from California earthquakes of moment magnitude M 3.8 and greater recorded at sites within 200 km of the rupture surface. Data from the Gazli, USSR (1976) and Tabas, Iran (1978) earthquakes were also induded to provide more large magnitude data. Table 1 lists the earthquakes that have been considered in the development of these relationships. Figure 1 shows the distributions of these events in terms of magnitude and source to site distance. We characterize the earthquake size by moment magnitude, M, as defined by Hanks and Kanamori (1979) . Distance is defined as the minimum distance to the rupture surface, rr~0. However, for many of the smaller magnitude events, rupture surfaces have not been defined and we use hypocentral distance. Because the dimensions of rupture for small events are usually much smaller than the distances to the recording stations, we do not believe that the use of hypocentral distance introduces significant bias into the attenuation models. We distinguish between strike-slip and reverse-faulting earthquakes by the rake angle of rupture, with rake angles greater than 45 ~ considered reversefaulting events, and rake angles less than 45 ~ considered strike-slip events. Examination of the peak motion data from the small number of normal-faulting earthquakes in the data set indicated that they were not significantly different from peak motions from strike-slip earthquakes. Therefore, the normal and strike-slip earthquakes were combined into a single category. Peak horizontal acceleration (PGA) and response spectral acceleration (SA) are represented by the geometric mean of the two horizontal components.
Attenuation relationships are presented for two general site categories, rock and deep soil. Rock sites are those with bedrock within about a meter from the surface. Recent studies of the shear wave velocities at many strong motion stations that have been classified in the past as rock indicate that the surface velocity often falls below the classical rock definition of >750 m/sec, and there is usually a strong velocity gradient because of near-surface weathering and fracturing. Thus, the site conditions representative of the rock attenua- tion models given here should be considered soft rock. The deep soil data are from sites with greater than 20 m of soil over bedrock. We have not induded data from very soft soil sites, such as those on San Francisco bay mud. Thus, the relationships are considered appropriate for deep, firm soil deposits. The data used in the analyses are from free-field recordings, that is from instruments housed in instrument shelters located near the ground surface and from the ground floor of small, light structures.
ATTENUATION MODEL DEVELOPMENT
Historically there are typically more data for peak acceleration than for response spectral acceleration, and the set of digitized and processed accelerograms tends to be the larger amplitude recordings from any individual earthquake. Therefore, the process that we have used to develop the attenuation rdationships consists of two stages. First, attenuation relationships are devdoped for PGA by regression analyses using the general form
where Z r is an indicator variable taking the value 1 for reverse events and 0 for strike slip events. We have found the need to develop different coefficients for events larger and smaller than M--61/2 to account for near-field saturation effects.
In the second stage of the analysis, relationships for spectral amplification (SA/PGA) are fit to the response spectral ordinate data normalized by the PGA of the recordings. The form that we have found to work well is:
In(SA/PGA) = C 7 + C8(8.
5-M)25+C91n(r~,p +C4eC5M). (2)
In addition, Sadigh etal. (1993) added a term to account for near-field high-frequency motion (coefficient C 7 in Table 2 ).
The final attenuation models for SA are obtained by combining (1) and (2). The resulting parameters were then smoothed to produce attenuation relationships that predict smooth response spectra over the full range of magnitudes (M4 to 8+) and distances (r~u p 0 to 100 km).
Once the median relationships were defined, the database was used to compute standard errors for PGA and SA at individual periods. The standard errors were found to be dependent on magnitude (Youngs eta/., 1995) and were represented by linear relationships between magnitude and standard error. The relationships for individual periods were smoothed to produce smooth estimates of 84th percentile response spectra.
The attenuation models that we have developed are listed in Tables 2 through 4 for rock and deep soil site conditions, respectively. Figures 2 and 3 show comparisons of the median attenuation relationships and recorded PGA data for strike slip and reverse earthquakes, respectively. Figure 4 shows the predicted median spectral shapes for rock and deep soil site motions.
TABLE 2 Attenuation Relationships of Horizontal Response Spectral Accelerations (5% Damping) for Rock Sites
In(y)= C 1 + C2M + C3(8.5M)2"5 + C 4 ln(r,.,? + exp(C 5 + C6M))+ C 7 ln(r~uv + 2) Period(s) C 1 C 2 C 3 C 4 C 5 C 6 C 7
For M < 6.5 
DISCUSSION
The attenuation relationships listed in Tables 2 through 4 are considered applicable for estimating free field ground motions from shallow crustal earthquakes in the magnitude range of M 4 to 8+. Shallow crustal earthquakes are those that occur on faults within the upper 20 to 25 km of continental crust. The relationships were developed for reverse and strike-slip faulting earthquakes. We did not find a significant difference between peak motions from strike-slip earthquakes and the limited number of data from normal faulting earthquakes and combined these two types of earthquakes ..... a slng, c ca~egor?. The data used to develop the relationships are primarily from California and occur in both compressional and extensional stress regimes. Campbell (1987) found no significant difference between the peak motions for events occurring in compressional and extensional stress regimes.
The attenuation relationships show an expected trend for soil versus rock motions, i.e., soil amplitudes are larger than rock where the rock motions are low because of site amplification in the lower velocity soil layers. Where the rock motions are high, the soil motions become lower than rock motions presumably because of nonlinear site response effects. The rock motion spectral shapes change with distance. However, no significant effect of distance was observed in the soil spectral shapes within 50 km of the 
